An all-fiber vibration sensor based on step interferometry is described. The sensor consists of a modified Michelson interferometer in which the ends of the reference and signal arms are assembled and fixed together to produce regular distributed interference fringes. Five photodetectors with relative phase shifts of ͞2 placed on the fringes acquire five intensity patterns simultaneously. One reconstructs the vibration amplitude by using the well-known five-step algorithm. A vibration sensor with these characteristics was constructed, and its performance was investigated.
Fiber-optic interferometric sensors have many applications in practical devices for measuring quantities such as small displacements and vibration. Many sensor configurations have been reported in the literature. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] A well-known example is the traditional Michelson interferometer ͑Fig. 1͒ in which a directional coupler combines the waves propagating after reflection from the ends of the reference and signal arms, generating an interference signal of intensity I͑t͒ at the photodetector:
where I 0 ͑t͒ is the mean intensity, V͑t͒ is the visibility of the interference, and ͑t͒ is the phase difference between the signal and the reference arms. For onedimensional movements of the target surface, we can write
where 0 is a constant phase term, is the laser wavelength, and x͑t͒ is the fiber-target distance. In a real situation the mean intensity and visibility of the interference will change with time because the movement of the target surface introduces coupling losses in the light reflected back to the fiber end in the signal arm. Thus in general it is not possible to determine x͑t͒ with the interferometer shown in Fig.  1 because we have three variables in Eq. ͑1͒. In this Note we report an interferometric sensor configuration that permits phase determinations by using multiple photodetectors. The experimental arrangement is shown schematically in Fig. 2 .
Light from a He-Ne laser is coupled into fiber arm A and directed through a 50:50 directional coupler to the target ͑arm B͒ and reference arm C. Light reflected back at the target surface is partially directed to arm D by the directional coupler. The fiber ends of arms C and D are assembled and fixed together as closely as possible, generating a spatial two-beam interference pattern in the far field of the fibers,
with a phase distribution given by
where d is the distance between the fiber centers, L is the distance from the fiber ends to the interference pattern, and z is the distance along the axis normal to the fringes. The last term on the right-hand side of Eq. ͑4͒ is clearly the phase delay on the interferogram arising in Young's two-slit interference experiment.
In the central region of the interference pattern, the mean intensity and the visibility of the fringes do not depend on coordinate z, which was implicitly assumed in Eq. ͑3͒. According to Eq. ͑4͒, by placing some photodetectors along the z axis, we can perform simultaneous intensity measurements with predetermined phase steps. A minimum of three photodetectors is necessary to recover the phase information from the inten-sity measurements. Despite this, we prefer to use a five-detector arrangement with a phase step of ͞2 to minimize spacing errors ͑see, e.g., Ref. 11 and references therein͒. The vibration amplitude of the target will then be expressed as (5) where I i ϭ I͑ z i , t͒ ͑i ϭ 1, 2, . . . , 5͒ with z i ϭ ͑i Ϫ 3͒L͞4d being the spacing corresponding to the phase steps of ͞2 on the two-beam interference pattern.
The target object used in this study was a piezoelectric transducer-mounted mirror activated with a known electrical signal. The outputs from the photodetectors ͑I i ͒ were digitized with a 12-bit analog-todigital ͑A͞D͒ converter and read into a personal computer. In our experiments V Ն 0.5, which represents an acceptable data modulation.
The arctangent calculation gives the target displacement modulo ͞4 ͑i.e., it gives the phase in the interval Ϫ͞2 Յ Յ ͞2͒. To determine the phase modulo 2, the signs of cos and sin ͓i.e., the signs of the numerator and the denominator of Eq. ͑5͔͒ must be determined.
We can remove the phase ambiguities resulting from the modulo 2 calculation by comparing the phase difference between consecutive measurement instants. When the difference in phases measured at t and t ϩ ⌬t ͑⌬t being the time interval between consecutive samples͒ is greater than , a phase 2 is added or subtracted to make the difference less than . ͑Clearly, for reliable removal of discontinuities, the phase must not change by more than in the interval ⌬t.͒ Figure 3 shows seven traces. Trace ͑a͒ is the triangular voltage signal applied to the piezoelectric transducer. Traces ͑b͒-͑f ͒ are the photodetector outputs. Trace ͑g͒ is the calculated mirror displacement. Observe that traces ͑b͒ and ͑f ͒ are not identical as expected, which indicates a calibration error in the phase step. A more detailed analysis shows that the phase step between consecutive photodetectors will be given as ͑see, e.g., Ref. 11͒
In our case ␣ ϳ 0.9͑͞2͒. Hariharan's algorithm, however, is rather insensitive to a miscalibration, and the calculated mirror displacement is very similar to the form of the excitation voltage applied to the piezoelectric transducer, as shown in Fig. 3͑g͒ . The mean-square deviation of the calculated mirror displacements from the ideal triangular form is negligible ͑ϳ1 nm͒.
The dynamic response of the sensor is limited by the processing speed of the A͞D board and software. In our experiments the processing speed was 5 kHz, so that Fig. 3 shows 400 measurements taken at time intervals of 0.2 ms.
In conclusion, a new interferometric configuration for an all-fiber vibration sensor has been demonstrated. The interferometer described is a combination of Michelson's and Young's interferometers. The phase ͑displacement͒ determination procedure is based on step interferometry applied to a timedependent interferogram.
